When mixed venous blood is oxygenated in alveolar air with higher PCO2,the PCO2 within the red cell is thought to exceed the alveolar Pco2 due to the Haldane effect and to block the inward CO2 diffusion.
If the direction of the CO2 diffusion is not reversed during the contact time,the HCO3-gain in the plasma will not exceed the amount estimated from venoalveolar PCO2 difference by using a CO2 dissociation curve of separated plasma.In order to clarify the validity of the above thought, the venoarterial CO2 content difference was measured by using a van Slyke apparatus and a PCO2 electrode at various alveolar PCO2 levels in rebreathing dogs.The HCO3-rise in the whole blood was obviously reduced when acute hypercapnia was administered in both normoxia and hyperoxia.Quantitatively,the decrease of CO2 content under hypercapnia corresponded to the difference in CO2 content between the true and separated plasma.The reduction,however,was slightly stronger in normoxia than in hyperoxia with alveolar PO2 of 300 to 420mmHg.These data seem to support the following explanation: When venous blood was oxygenated in normoxic air with PCO2 higher than true venous, the inward CO2 diffusion was inhibited by the Haldane effect and the reversed diffusion after the oxygenation could also be disregarded during the contact time.Because the oxygenation was accelerated in hyperoxia and the direction of the CO2 diffusion was reversed earlier than in normoxia,the plasma CO2 content became higher in hyperoxia than in normoxia.
In the preceding paper (Moanzum et al.,1981) the experimental data reported showed that the virtual venous PCO2 estimated in acute hypercapnia exceeded that in normocapnia and,in addition,this difference was reduced in hypoxia. For the above results,the following explanation has been derived:When blood is oxygenated in the lung capillary and is exposed at the same time to hypercapnic air,HCO3-concentration in the plasma increases along the CO2 dissociation curve of separated plasma,because the CO2 diffusion into the red cell is inhibited by the Haldane effect.The above explanation holds only when the HCO3-shift from the red cell into plasma following the oxygenation process can be neglected.Thus,in order to clarify the extent of the reversed CO2 diffusion during the contact time we attempted to measure the venoarterial CO2 content difference at various alveolar PCO2,levels in rebreathing dogs in normo-and hyperoxia. Oxygen and carbon dioxide contents in mixed venous and arterial blood were measured by using a van Slyke apparatus,while PO2,PCO2 and pH were measured using the respective electrodes.Oxygen and carbon dioxide concentrations in the rebreathing gas were analyzed continuously by a glow-discharge gas analyzer (Mocmzum et al.,1969 NITTA and MOCHIZUKI,1969) and for sampled gas by a Scholander gas analyzer. in hypercapnic normoxia,though the factor slightly increased in hypercapnic hyperoxia.That is,vaD(P)was thought to decrease as PACO2 became higher than true PvCO2.Under the assumption that HCO3-in plasma increases along the CO,dissociation curve of separated plasma,when oxygenation of the red cell and PCO2 rise occur at the same time,the arterial CO2 content in hypercapnia was calculated from alveolar PCO2.Then,the venoarterial CO2 content difference, vaD(P)3,was calculated using the venous CO2 content calculated from venous PCO2.The results showed that vaD(P)3 thus obtained in normoxia correlated well with vaD(P)2 evaluated from venous and arterial PCO2.Thus,the conclusion derived from the preceding investigations seems to be fully supported by the present experiment.
METHOD
Mongrel dogs weighing from 8 to 13kg were used.They were anesthetized by administration of pentobarbital(Somnopentyl,30mg/kg),and spontaneous respiration was blocked by pancuronium bromide of about 0.1mg/kg.The animals were ventilated by a respirator with double cylinders(Harvard Apparatus Co.,Model 624),which was connected with the animal via a tracheal cannula.
After steady state breathing through one cylinder,the respiratory circuit was switched to the other for the rebreathing.During rebreathing the frequency was increased from 20 to 30 rpm.The CO2 concentration in the rebreathing gas was increased by injecting pure CO2 of 10 to 70ml into the rebreathing circuit. In normoxia,the cylinder for rebreathing was previously filled with about 500ml of air and in hyperoxia,with pure oxygen of the same amount.O2
and CO2 contents in both venous and arterial blood were measured by using a van Slyke apparatus and PO2,PCO2 and pH were measured by respective electrodes(I.L. Meter,227).Rebreathing air was sampled continuously at a rate of 110ml/min from the tip of the tracheal cannula through a thin polyethylene tubing and analyzed for O2 and CO2 by a glow-discharge gas analyzer.The venous and arterial blood and expired gas were sampled simultaneously.PCO2,FO2 and pH were analyzed in duplicate:The duplicate PCO2 values agreed with each other within 1mmHg.
The body temperature was monitored by inserting a thermistor into the rectum as per usual.For blood PCO2 measurement,the water-bath temperature of the analyzer was regulated according to the body temperature.Since it was hard to control the temperature precisely,the error in PCO2 value due to a small temperature variation was corrected by multiplying the difference by the factor of 0.049 according to SCHEID et al.(1979) .
In a hypercapnic PCO2 range the rebreathing gas showed no respiratory the CO2 concentration was always increased with rebreathing time,showing a cyclic respiratory change.In such a case,the CO2 concentration difference between the n-th and(n+1)-th inspiratory phases was assumed to correspond to the volume of CO2 added during the intervening expiratory period into a rebreathing circuit including the respirator.Thus, the average alveolar CO2 concentration of the n-th rebreathing was evaluated from the following formula:
where FIn and FIn+1 are CO2 fractions of the n-th and(n+1)-th inspiratory phases, Vp,the gas volume retained in the respiratory pump at the end-expiratory phase, Vt,the stroke volume and Vd,the dead space in the rebreathing circuit.
RESULTS
The data obtained are summarized in three relations between(1)CO2 content and PCO2 in arterialized blood,(2)two PCO2 values in blood and alveolar air, and(3)three vaD(P)values.
The CO2 dissociation curves of whole blood and plasma
The blood CO2 dissociation curve was obtained by plotting the CO2 content versus PCO2,both being measured in arterial and venous blood samples.Before Table 1 . Factors of the CO2 dissociation curves of whole blood(A) and of true(B),when given in terms of vol % by CCO2=A• PCO20.387 and CCO2=B• PCO20.384,respectively.
plotting,the Haldane effect was corrected by referring to the O2 saturation and 02 capacity and by using 0.32 for the exchange ratio of the Haldane effect.The CO2 content showed a large individual variation,but in each animal the gradient of the dissociation curve was fairly constant within a PCO2 range of 35 to 50mmHg. When SO2-100%,the curve was given on an average by CCO2(whole blood)=A• PCO20.387 (vol%).
The factor A in Eq. (2)is tabulated in Table 1 for the 15 dogs measured.It ranged from 9.69 to 11.48 and was 10.34 on an average,where the standard deviation was 0.44. The CO2 dissociation curve of true plasma was evaluated from PCO2 and pH in arterial blood samples having high SO2 close to 100% by using HendersonHasselbalch's equation.Among individual animals the CO2 content in plasma also showed a large variation of about 10%,but in one dog the variation was reduced to 1 to 2 vol %.The dissociation curve for 100% So2 was approximately given in a FCO2 range of 35 to 50 mmHg by CCO2(true plasma)=B• PCO20.384(vol%).
Factor B in Eq.(3)for 15 dogs is tabulated in Table 1 .It was,on an average, 12.53,and standard deviation,0.84.The CO2 content of the separated plasma depended on the base concentration of the sampled plasma,and,when HCO3-concentration in mEq in plasma was plotted against pH,it showed a slope of 
where Pv is the PCO 2 of the venous blood sampled and P,the PCO2 of tonometer gas.
Relationship between PvCO 2,PaCO2 and PACO2 The venoarterial O2 content difference and venous PCO 2 were distributed over wide ranges of 2 to 8 vol % and of 30 to 60mmHg,respectively.Thus,in order to compare the alveolar PCO 2 with the arterial,the PCO2 differences between venous and arterial blood and between venous blood and alveolar air were obtained together with the venoarterial CO2 content difference.When PACO 2 was higher than true PvCO2,and avDO2 was positive,PACO 2 usually exceeded PaCO2.In Fig.1 are shown the summarized data obtained in 15 dogs,where the PCO 2 differenceb etween venous and arterial blood,Pv-Pa,is plotted against the P CO2 difference between venous blood and alveolar air,Pv-PA.Since the PCO 2 in the red cell is raised by the Haldane effect,the outward CO2 diffusion from the cell is accelerated when alveolar PCO 2 is lower than the mixed venous.Therefore,the inward HCO3-shift from the plasma is also accelerated and CO2 content in the plasma is efficiently lowered down to the level predicted from alveolar P CO2 and a CO2 Vol.31,No.3,1981 
where the respective correlation coefficients were 0.92 and 0.96. The pressure component of vaDco2,vaD(P),obtained from venoarterial 02 and CO2 content differences,i.e.,vaD(P)1,is plotted against the one obtained from the PCO2 difference between venous and arterial blood,vaD(P)2,in Fig.2 . No significant difference in distribution was observed between normoxia and hyperoxia.The correlation coefficient was 0.90 and the regression line was given by vaD(P)2=0.88.vaD(P) 1 -0.46(vol%) . (6) In order to obtain a better correlation between vaD(P)1 and vaD(P)2,both the correlation coefficient and regression line were checked by varying the exchange ratio of the Haldane effect.But it was hard to determine the ratio accurately from the present data because of a large error in van Slyke analysis.Taking into account that accuracy of the PCO2 measurement was higher than that of van Slyke analysis,it may be safe to say that vaD(P)2 values well represent the pressure component of the vaDCO2 value. Vol. 31,No.3,1981 of the PCO2 level,by whereas in a range of PA>Pv,it was given in normoxia and hyperoxia by Normoxia:
Hyperoxia:
The correlation coefficients in normoxia and hyperoxia were 0.89 and 0.94,respectively.The solid thin line with small circles in Fig.3 shows the vaD(P)2 values calculated from the CO2 dissociation curve of the whole blood around the mean true venous PCO2 of 42mmHg.Most measured points are distributed upwards to the line.
Next, we calculated vaD(P)3 in a range of PA>Pv,assuming that the CO2 content increase in plasma obeys the CO2 dissociation curve of separated plasma. Putting hematocrit=40%,by referring to the average O2 capacity=17.40 vol% which was measured in the 15 dogs in Table 1 ,the CO2 content in the red cell compartment, CCO2(red cell)was evaluated by subtracting 60% of CO2(true plasma)of Eq.(3)from CCO2(whole blood)of Eq.(2),as follows: Therefore,the CO2 content of the whole blood for PA<Pv was given by Fig.4 . Relationship between vaD(P)values obtained from venous and alveolar PCO2, vaD(P)3 and those obtained from venous and arterial PCO2,vaD(P)2.For obtaining vaD(P)3 in an alveolar PCO2 range of PA>true Pv,the plasma CO2 content in arterial blood was assumed to obey the CO2 dissociation curve of separated plasma,while in a range of PA true Pv,the dissociation curve of true plasma was used. and for PA>Pv,using Eq.(4),0by
The theoretical vaD(P)3 values thus calculated in normoxia are shown in Fig.4 against vaD(P)2,showing a good agreement between them.The correlation coefficient was 0.97 and the regression line was given by DISCUSSION SCHEID et al.(1979) (MOCHIzuKI,1966 (MOCHIzuKI, , 1975 MOCHIZUKI et al.,1972 have measured blood pH in the aorta in hypercapnia,revealing that it was almost identical with that of the arterial blood sample.On the other hand,according to in vitro measurement of HCO3-and Cl-shifts (PIIPER,1964; CONSTANTINE et al.,1965; FORSTER,1968; KLOCKE,1973 KLOCKE, ,1976 )the half-time ranged from 0.1 to 0.2 sec.Thus,it is conjectured that reversal of the CO2 diffusion occurs during the contact time,but because of the scarcity of pH change it may be hard to accelerate the inward CO2 diffusion.
When the red cell is exposed to hypercapnic air with high Po2,the Pco2 inside the red cell rises via the CO2 diffusion from outside and also via the Haldane effect.Once the PCO2 in the cell exceeds the alveolar PCO2,CO2 diffuses out of the red cell into alveolar air via the pulmonary tissue.As HCO3-concentration in the cell is reduced through the outward CO2 diffusion,the HCO3-contents in both the red cell and plasma are not equilibrated with the alveolar PCO2,being limited by Donnan's ratio, thus,leaving the cell interior at a low pH state.In order to reestablish the pH equilibrium,that is,to increase pH in the cell up to the equilibrium state,hydration reaction of CO2 may take place,lowering PCO2
and increasing HCO3-concentration.This reaction, however, seems to occur fairly slowly.Because the inward CO2 diffusion is not fast enough to prevent the PCO2 in the cell from falling during the hydration process.Furthermore,according to the increase of HCO3-concentration the ratio of[HCO3-]/PCO2 rises,resulting in an increase of pH therein.When the pH approaches the equilibrium value, the hydration itself will stop.Above all,the equilibration rate would be limited by the inward CO2 diffusion into the red cell.According to our rough estimation, the equilibration time is approximated to be not shorter than 0.5 sec,even when the hydration reaction occurs with a time constant of 10 msec and the diffusion process into the red cell has a time constant of 0.1 sec.
In Fig.3 ,vaD(P)2 in hyperoxia is a little greater than that in normoxia, though the difference was not statistically significant.In hyperoxia,oxygenation of the red cell is accelerated and certainly a longer time is left for the reversed CO2 diffusion.However,taking the slowness of the pH equilibration rate into account,further studies seem to be indispensable for clarifying the question whether the above difference could be ascribed only to reduction of oxygenation time or to prolongation of the pH equilibration time in hyperoxia.
